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Abstract 
We investigate the growth and fabrication of photonic structures by ultrafast laser ablation on nonlinear optical 
materials of the KTiOPO4 family. We studied how the ultrafast laser ablation process affected on the structure of the 
material by micro-Raman scattering and micro-X-ray diffraction. The modifications of the Raman frequencies and 
their intensities have been discussed and compared with those previously reported for unablated crystals. 
Keywords: Photonic Crystals; Diffracton gratings, RbTiOPO4, KTiOPO4, Nonlinear optical materials, Ultrafast laser ablation. 
1. Introduction 
The past two decades have witnessed the intensive research efforts related to the design and fabrication of 
photonic crystals (PCs) [1].  From the conceptual point of view, photonic researchers are interested in manipulating 
the optical phenomena in confined geometries to realize more versatile and miniaturized optical devices. A PC is a 
material in which the refractive index is periodically modulated on a length scale comparable to the wavelength of 
light. With a proper design, the PCs exhibit photonic band gaps as well as acquire potential applications in light-
flow manipulations [2]. A particular case of a one dimensional (1D) PC is a diffraction grating [3]. In addition to 
their peculiar linear properties, PCs present many interesting features for controlling the nonlinear optical interaction 
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and alternative phase matching mechanisms [4,5]. Within a PC one may enhance [6-8], phase matching [9] or hold a 
non-vanishing second order interaction even if the material is centro-symmetric.  
As stated before a PC has a periodic variation of the linear susceptibility Ȥ1, which is related to the index of 
refraction, in one, two or three dimensions. This can be done by combining high refractive index and low refractive 
index building blocks in a periodic structure, which is usually a challenging task. If instead of modulating 
periodically the linear susceptibility of the material we can modulate periodically the nonlinear susceptibility tensor 
Ȥ2 in a nonlinear optical material, we are developing a quasi phase matched (QPM) material. This QPM concept was 
first referred independently by Armstrong [10], within the theoretical explanation for the application of light 
modulation, second harmonic and parametric conversion in dielectric media, and by Franken and Ward that reported 
about the theoretical explanation of optical harmonic generation [11]. In 1998, Berger gave the idea of periodic 
modulation of the second order susceptibility Ȥ2 in multiple spatial dimensions, the so called nonlinear photonic 
crystals (NPC) [12], to achieve quasi phase matching in multiple spatial directions with the possibility to support 
several conversion processes simultaneously. Moreover, the constraints on wavelength acceptance bandwidth 
imposed by 1D QPM gratings can be overcome with these structures. These are important advantages that make 
NPCs more versatile than 1D QPM structures. However, the combination of Ȥ1 and Ȥ2 modulation simultaneously in 
the same material has been severely studied in the literature. That is what we pretend to do in this paper by 
structuring the surface of a non-linear optical material; Ȥ1 will be modulated periodically between the values of the 
material and the air, while Ȥ2 will be modulated periodically between the values of the material and zero. Several 
methods have been proposed by different groups to fabricate the 1D and 2D photonic structures. The conventional 
PC structures have been fabricated by ion etching [13], and direct writing [14], etc. as well as NPC structures by 
field poling techniques [15], electron beam lithography [16], liquid phase epitaxy [17], etc.  
Ultrafast laser ablation has emerged as a technique for rapid and flexible fabrication of 1D and 2D photonic 
structures on hard dielectric materials and it has become increasingly important in the last few years as a result of 
the large amount of practical applications in surface modification or micro-structuring of dielectric materials. When 
femtosecond laser pulses are properly focused onto the target, the extreme short duration of the pulses facilitates 
material removal without imposing thermal effects on the remaining structure [18]. When intense ultra-short pulses 
are focused in transparent dielectrics, strong-field ionization and subsequent avalanche ionization lead to the 
generation of free-electron plasma. When the density of free electrons exceeds a certain threshold, enough energy is 
absorbed to produce macroscopic ablation. The largest density of ionized electrons is reached only in the central part 
of the focal region due to the highly non-linear nature of the strong-field ionization process. The application of this 
technique for the inscription of diffractive elements has been widely used. Both, internal and relief gratings have 
been designed and fabricated by direct writing with femtosecond laser pulses with arbitrarily complex geometries. 
Nonlinear optical materials have been interesting targets for femtosecond laser applications, and the integration of 
diffractive gratings by ultrafast laser ablation has been recently used for tailoring SHG in LiNbO3 [19], KH2PO4 [20] 
and ȕ-BaB2O4 (BBO), [21,22]. These diffractive elements allowed the multi-frequency self -converter systems and 
efficient second harmonic generation by non collinear phase matching and these structures show several advantages 
when compared to the more conventional collinear phase matching (PM) configuration [23]. 
Among the various inorganic crystals, the KTiOPO4 (KTP) family of crystals has a unique combination of 
properties that makes them useful for efficient second harmonic generation from Nd doped lasers. The nonlinear 
optical properties of KTP and its isomorphs have been reviewed by a number of researchers and have received 
enormous attention in the last two decades. The key success of the KTP family is its good nonlinear optical behavior 
for frequency doubling of Nd: YAG laser radiation, with high non-linear optical coefficients [24,25]. One of the 
most remarkable features of these crystals, specially for RTP, is their high laser damage threshold [26] that makes 
them useful in high power laser frequency conversion. The RTP and KTP materials have high transmission 
coefficients between 0.35 and 4.5 μm with high thermal stability and broad angular acceptance. 
Here, we present the fabrication process of photonic structures on the surface of RTP and KTP nonlinear 
optical crystals by means of femtosecond laser ablation. We studied the correlation between the ablation conditions, 
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the morphology obtained for the diffraction gratings, and the structural effects on the material, analyzed by micro-
Raman scattering and micro-X-ray diffraction for a better understanding of the fabrication process.  
2. Experimental techniques 
2.1. Crystal growth 
RTP and KTP crystallize in the orthorhombic system with space group Pna21. These crystals melt 
incongruently at 1443 K and 1450 K, respectively, so they cannot be grown by conventional melting methods and 
they have been traditionally grown by high temperature solution techniques, and more particularly by the Top-
Seeded Solution Growth (TSSG) method [27]. Around 120 g of solution was prepared by mixing the desired ratios 
of the corresponding oxides, K2CO3 or Rb2CO3, TiO2, and P2O5 depending on the desired crystal, in platinum 
cylindrical crucibles of 125 cm3. The crystals were grown from WO3 containing fluxes to reduce the viscosity of the 
flux [28]. The solution was homogenized at 50-100 K above the crystallization temperature. We used c-oriented 
crystal seeds for growing RTP and KTP crystals. We determined the saturation temperature of the solution by 
observing the growth or dissolution of the crystalline seed in contact with the surface of the solution. During the 
growth, the crystal seed was rotated at an angular speed of 45 rpm. The growth process proceeded by decreasing the 
temperature of the solution by 20-50 K from the saturation temperature at a cooling rate of 0.1 K/h, depending on 
the size of the desired crystal. In this work, in order to obtain larger crystals, those were pulled from the solution 
during the growth process very slowly, 0.5 mm every 12 h. At the end of the crystal growth process, the crystal was 
completely extracted from the solution and slowly cooled to room temperature inside the furnace. To prepare the 
samples for the fabrication of diffraction gratings by ultrafast laser ablation, the single crystals obtained were 
crystallographically oriented, cut and polished.  
2.2. Ultrafast laser ablation 
1D and 2D diffraction gratings have been fabricated on the surface of RTP and KTP nonlinear optical 
materials by using a commercial Ti: Sapphire oscillator (Tsunami, Spectra Physics) and a regenerative amplifier 
system (Spitfire, Spectra Physics) based on chirped pulsed amplification (CPA) for ultrafast laser ablation on the 
surface of the samples. The laser system gives linearly polarized 120 fs pulses at 795 nm with a repetition rate of 1 
kHz. The transverse mode of the beam was TEM00 and the width was 9 mm (1/e2 criterion). 
The thickness of the samples was in between 2-4 mm. They were placed on a motorized XYZ translation stage 
that allowed achieving optimal focusing on the surface of the target, with the (001) or (010) face of the samples 
perpendicular to the laser beam. The threshold fluence depends on the number of pulses per spot, resulting 1.44 ± 
0.18 J.cm-2 for 40 pulses and decreasing to 1.18±0.15 J.cm-2 for multi-shot conditions (>100 pulses) giving an 
incubation factor ȟ = 0.783 [29].  
1D samples were fabricated on the surface of RTP crystals. According to the period of the fabricated 
diffraction gratings, the samples were called RTP1 (with a period of 15 Pm) and RTP2  (with a spatial period of 20 
Pm). RTP1 was prepared focusing the laser beam by means of a 50 mm achromatic lens using a pulse energy of 0.78 
ȝJ, which provided a peak fluence of ~6.1 J.cm-2 at focus. The sample was moved following straight lines parallel to 
the b crystallographic axis and all across the surface, at a constant scanning speed of 130 ȝm.s-1, avoiding the 
iterative passes along the same line. The pitch between the lines was set to 15 Pm. For that scanning speed and 
focusing conditions the number of pulses contributing to the ablation of a point within the sample surface was 
approximately 40. For recording the RTP2 sample, the focusing optics was a 10X (0.22 NA) microscopic objective. 
A 6 mm diameter circular aperture was placed before the objective in order to slightly increase the spot size at focus. 
The pulse energy before the aperture was 0.27 ȝJ leading to peak fluence at focus of ~3.2 J.cm-2. The writing 
procedure was identical than for RTP1 and the scanning speed was set to 75 ȝm.s-1 with a separation between lines 
of 10.5 ȝm and 9.5 ȝm, alternatively. Under these conditions, the number of pulses contributing to the ablation of a 
point within the sample surface was around 55.  
We followed a similar procedure for the fabrication of two different 2D structures on the surface of KTP 
crystals. In that case the laser beam was focused by a 10X objective lens with NA 0.30. We have written a 2D 
structure consisting of two perpendicular arrays of grooves, parallel to the a and c crystallographic axes, respectively 
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(sample KTP1). It was achieved by moving the sample with a constant speed of 75 ȝm/s which means a number of 
pulses per spot (Ø~ 3 Pm) of 40. A circular aperture 6 mm and some neutral filters were placed before the focusing 
lens in order to reduce the pulse energy to 0.48 PJ and to produce a lattice pitch of 8.54 Pm. Sample KTP2 consisted 
on a square array of circular holes with a pitch of 8.85 Pm. In this case, the sample was moved to the selected 
positions and then irradiated with 100 pulses. A circular aperture of 5.5 mm and some neutral filters were placed 
before the focusing lens in order to reduce the pulse energy to 0.39 PJ and achieve the desired pore diameter. The 
total processed area was 3 x 3 mm2 and took approximately 8.5 h to fabricate the sample in both cases. 
2.3. Micro-X-ray diffraction characterization 
A Bruker-AXS D8-Discover diffractometer with parallel incident beam (Göbel mirror) and vertical 
goniometer was used to check the crystallinity of the samples before and after the ultrafast laser ablation process. 
The system was equipped with a collimator for the X-ray beam of 500 μm and a GADDS detector. The GADDS 
detector was 30 u 30 cm2 with a 1024 u 1024 pixel CCD sensor. Cu radiation was obtained from a copper X-ray 
tube operated at 40 kV and 5 mA. A 2T scan was recorded on the samples in order to check if the crystallinity 
changed after the ablation process. Data were recorded in three different steps with the area detector by performing 
an Z-scan with a frame width of 15q in the T range 5-45q with an integration time of 60 s/frame. 
2.4. Micro-Raman scattering characterization 
Micro-Raman scattering measurements were carried out using a micro-Raman system Reinshaw confocal 
InVia spectrometer equipped with a confocal microscope Leica 2500 and a CCD camera as detector. Micro-Raman 
spectroscopy is an ideal non destructive and accurate tool for the material characterization at the micron scale. 
Radiation of an Ar laser (ʄ=514 nm and 25mW) was focused by microscopic objectives (magnifications 10X, 50X, 
100X) on the surface of the RTP and KTP diffraction gratings. A back scattering scheme was used to detect the 
Raman signal through a confocal hole, allowing the extraction of the light scattered from an extremely small region 
of the diffraction grating with a spatial resolution of about 1μm using the long working distance microscope 
objective 100X.   
3. Results and discussions 
3.1. Morphology of the fabricated diffraction gratings 
The morphological characterization of the fabricated diffraction gratings was initially done by using the 
optical imaging profiler PLμ 2300.  
Figure1. Confocal images of the diffraction gratings fabricated by ultrafast laser ablation (a) RTP1 (2) RTP2 (c) KTP1 (d) KTP2,
(inset figures: profiles of the diffraction gratings) 
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Figure 1 shows the confocal images of the fabricated diffraction gratings of the RTP and KTP samples. The 
confocal images of the diffraction gratings of all the samples were recorded with 20X microscopic objective in the 
long range order. In the images we can see the long range ordering and the high degree of periodicity of the 
diffraction gratings recorded by ultrafast laser ablation. The surface profiles of the fabricated diffraction gratings 
were also recorded and shown in the inset of each figure for each diffraction grating. Looking carefully at the Figure 
1(b), the image to the RTP2 sample, the two different periods of the diffraction grating can be observed.  
The morphological characterization of as-fabricated RTP and KTP diffraction gratings has also been done 
using scanning electron microscopy (SEM). The top views of the RTP and KTP diffraction gratings are shown in 
Figure 2 at different magnifications. Figures 2 (a) and (b) are the top views of the RTP 1D diffraction gratings and 
Figures 2 (c) and (d) are the top views of the 2D diffraction gratings of KTP samples, respectively. The inset Figure 
of each diffraction grating shows a higher magnification image of the fabricated diffraction grating by ultrafast laser 
ablation. 
Figure 2.  Top views of the diffraction gratings fabricated by ultrafast laser ablation obtained by SEM with different 
magnification corresponding to (a) RTP1 (b) RTP2 (c) KTP1 (d) KTP2.
We observed here that the width of the grooves is not the same for all the samples. This is due to the result of 
the tight focusing conditions. If the focal plane does not match the surface of the sample, even slightly, the pulse 
energy distribution is modified at the area where the fluence is above the ablation threshold. In the case of RTP1, the 
region where the fluence exceeded the ablation threshold fluence (multi-shot conditions) has a diameter of 
approximately 5 μm whereas in the case of RTP2, the diameter of the groove was around 3.3 μm.  
In the case of KTP1 we observe that the roughness of the grooves is very high, and the squares that should be 
formed between the grooves are very distorted as a result of the writing procedure. This difficult the determination 
of the exact widths of the channels as well as the lattice period in this structure. The higher magnification images for 
KTP diffraction gratings show the distorted squares formed on the sample between channels and the circular pores 
formed on KTP1 and KTP2 diffraction gratings, respectively. The widths of the square pattern of the 2D diffraction 
grating is different in a and c crystallographic directions. The width of the channels along the a direction is larger 
than along the c direction due to the anisotropy of the material that leads to different ablation thresholds depending 
on the crystallographic directions in the crystal, since the laser fluence did not change during processing. The widths 
of the channel in KTP1, along a and c directions are 5.60 μm and 3.51μm respectively The fact that the damage 
threshold is different in different directions is not surprising in KTP. In this family of materials it has been found 
that some physical properties are quite similar when measured along the a and b crystallographic directions, and 
significatively different from those measured along the c crystallographic direction [30]. We also notice here that the 
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pulse energy was different for KTP1 and KTP2 samples that resulted in a different diameter for the pores of the 
KTP2 sample when compared to the width of the channels of KTP1. 
Cross sections of the channels and circular pores that formed the RTP and KTP diffraction gratings are shown 
in Figure 3. As can be seen in these pictures, the roughness of the lateral walls is 0.4 μm, specially in the RTP 
samples. These images reveal that channels have a V shape and holes are conical. The depths of the grooves of 
RTP1 and RTP2 are 5 and 7 μm respectively. 
Figure 3. Cross sections of the grooves and pores inscribed in RTP and KTP diffraction gratings (a) RTP1 (b) RTP2 (c) 
fabricated grooves on KTP1 along a direction (d) KTP1 grooves along c direction (e) circular pore of KTP2 along a direction.
In KTP1 2D square pattern, the depths of the channels inscribed along perpendicular directions are also 
different as shown in Figures 3 (c) and (d) due to the material anisotropy. We observed here that the depth of the 
ablated channel along the a direction is 6.1 μm, while the depth of the channel along the c direction is 3.5 μm. The 
depth of the holes of the KTP2 diffraction grating was 4.3 μm.  
2. Structural characterization 
3.2.1. Micro- X-ray diffraction  
We recorded the micro-X-ray diffraction patterns of the samples in order to check the variation of the 
crystallinity in the areas where laser ablation was performed. Figure 4 shows the results of this characterization 
performed on the RTP1 sample.  
Figure 4 reveals only two peaks corresponding to the (001) family of planes in particular the (004) and (008) 
planes. Peaks marked with an arrow are artifacts due to the detection system and are not real. We observed that it 
exist a variation in the intensity of the peaks recorded in the processed region and in the unprocessed region of the 
sample. However, in opposite to what would be expected, the intensity of the X-ray diffraction pattern recorded at 
the processed region is higher than the intensity of the X-ray diffraction pattern measured at the unprocessed region 
on the surface of the RTP1 1D sample. Although the reasons for this increase in intensity are not understood at 
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present, these results indicate that the ultrafast laser ablation process is at least not degrading the crystalline quality 
of the sample.  
Figure 4.   X-ray diffraction pattern measured on the grating area and no grating area of the RTP1 sample 
3.2.2. Micro-Raman scattering 
For a deeper study at a local level of structural modifications of the diffraction gratings, Raman spectra were 
recorded on the 1D and 2D diffraction gratings on the processed and unprocessed areas of the samples. The results 
are shown in Figure 5 with the micro-Raman spectra recorded at room temperature in the range of frequencies from 
100 to 1200 cm-1 of the RTP2 and KTP2 diffraction gratings.  
(a) (b)
Figure 5. Raman Spectra recorded at processed and unprocessed regions of (a) RTP2 (b) KTP2 
The structure of the spectra is not simple, with a large number of peaks of very different intensities. In general 
the Raman spectra of these materials are predominantly due to the vibrational motions of the TiO6 octahedra and the 
PO4 tetrahedra. More specifically, the regions from approximately 200-400 cm-1 and 600- 800 cm-1 are associated 
with TiO6 octahedral torsional and stretching modes, respectively. The Raman bands in the 850–1200 cm-1 region 
are due to the PO4 tetrahedra. In Figure 5(a) we observed two peaks with the strongest intensity at around 693 and 
758 cm-1 in the processed and unprocessed regions, respectively.  Other intermediate intensity peaks have been 
observed at 273, 369, 518, 548 and 622 cm-1. As expected from the complex crystallographic structure, many 
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additional lines of lower intensity peaks are observed within the whole frequency range and especially below 250 
cm-1. However, in these peaks we did not observe a spectacular change as with the peaks appearing at 693 and 758 
cm-1.
The spectrum observed for the unprocessed region coincides with that reported on polarized spectra belonging 
to the (001) scattering configuration of the RTP crystal [31].  The peaks showing a strongest intensity in the 
processed region are those located at around 273, 369, 622 and 693 cm-1. We pointed out that the main part of the 
scattered intensity (75%) arises from structures located at 211, 273, 693 cm-1 which are related to vibrations 
involving from TiO6 octahedra. The intensity of the peaks we observed at processed region of the RTP2 diffraction 
grating is similar to the results obtained on the polarized spectra of the RTP sample corresponding to the (100) and 
(010) phonon propagation directions. The shifting of the frequency modes at unprocessed to processed regions is 
like the polarization of phonons is shifting from a configuration zyyz )(  to xzzx )( [31].  
The high intensity peak at 758 cm-1 at the unprocessed region of the RTP2 diffraction grating completely 
disappears at the processed region, and the small peak appearing at around 693 cm-1 at unprocessed region of the 
diffraction grating become the most intensity peak at the processed region. This shifting in the intensity of the 
Raman bands from Ȟ2 vibrational mode to Ȟ1and Ȟ3 vibrational modes seem to indicate that the laser ablation is 
affecting to the orientation of the TiO6 octahedra in the material.
Similarly we recorded the Raman spectra on the KTP2 2D diffraction grating and we observed that the peaks 
appearing at 699 and 761 cm-1 are those showing the highest intensity at processed and unprocessed regions, 
respectively similarly to the case of the RTP2 sample. We can observe here that all the peaks appearing at processed 
region are more intense than the peaks observed at unprocessed region in both RTP2 and KTP2 diffraction gratings 
when the conditions of recording the spectra were identical. Similar results were obtained in the case of RTP1 1D 
and KTP1 2D PC structures, although not shown here for the sake of brevity.  
This difference between the intensity of the peaks appearing at 693 and 758 cm-1 in the case of the RTP2 
sample, and these appearing at 699 and 761 cm-1 in the case of the KTP2 sample, allowed us to study if the laser 
ablation process only removed material from the diffraction grating or if there are internal parts of the material, that 
although they remained attached to the diffraction grating, they are affected by the laser ablation process. For this 
we scanned across the samples as shown in Figure 6 and recorded the intensity of those vibrational peaks. The plots 
of the intensity of these peaks are shown in Figure 6.  
(a) (b) 
Figure 6. Most Strong peaks at processed and unprocessed region, along x-axis on the surface of the diffraction grating vs 
intensity of the Raman signal (a) RTP2 (b) KTP2. 
 The features observed by the variation of intensity of the Raman scattering peaks coincides with the features 
inscribed with the laser during the ultrafast ablation process (grooves and pores). However, the widths of these 
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features described by Raman scattering (7.08 and 7 μm for RTP2 and KTP2 samples, respectively) are larger than 
those obtained from the profile of the grooves determined by SEM and confocal microscopy, indicating that there 
exist a affected region inside of the material, although it has not been ablated.  
4. Conclusions 
We have fabricated the 1D and 2D diffraction gratings on RTP and KTP nonlinear optical crystals by ultrafast 
laser ablation. We analyzed the geometrical parameters and quality of the fabricated photonic diffraction gratings by 
using SEM and confocal microscopy analysis. We also investigated the correlation between the affect of laser 
ablation on the remaining material by using micro-Raman analysis and micro-X-ray diffraction spectra. Ultrafast 
laser ablation did not affect to the crystallinity of the material although it seems to affect to the polarization of the 
structure vibrations of these materials.  
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